Oleanane has been reported in Upper Cretaceous and Tertiary source rocks and their related oils and has been suggested as a marker for flowering plants. Correspondence of oleanane concentrations relative to the ubiquitous microbial marker 17a-hopane with angiosperm diversification (Neocomian to Miocene) suggests that oleanane concentrations in migrated petroleum can be used to identify the maximum age of unknown or unavailable source rock. Rare occurrences of pre-Cretaceous oleanane suggest either that a separate lineage leads to the angiosperms well before the Early Cretaceous or that other plant groups have the rarely expressed ability to synthesize oleanane precursors.
Oleananes are diagenetic alteration products of oleanane and taraxerene precursors (I) , which in modem plants, except for a lichen (2) and a few related fern species (like Polypodium and Marsilea) (3, 4) , are concentrated among the angiosperms (flowering plants) (5) . O leananes in rock extracts and petroleum are also thought to derive from angiosperms (6) and have been reported in numerous sources worldwide (7) (8) (9) (10) (11) .
U ndoubted angiosperm fossils are unknown earlier than the Early C retaceous (I 2, 13) . However, some fossil remains and cladistic analyses imply that angiosperms originated in the Triassic (I 4, 15) , and studies with chloroplast DNA sequences and angiosperm DNA nucleotide sequences set angiosperm evolution to 200 million years ago ( 16) to more than 300 million years ago ( 17, 18) , respectively. In any case, angiosperms were sparse in Early C retaceous floras and begin dominating floras by the beginning of the Late Cretaceous (1 9, 20) . Early Cretaceous angiosperm fossils have an extremely narrow range of variation (I 2, 21) and are scarce, a condition that may reflect a sparse population and herbaceous habit with relatively weak construction compared with their shrubby or arborescent descendants (22) . O ther studies yield a similar pattern (23, 24) with low occurrence of angiosperms during the Early C retaceous but a major increase during the Late Cretaceous and early T ertiary.
The problematic evolutionary history of angiosperms and their probable connection with oleananes prompted us to study the occurrence of oleananes in rock extracts. Two components were necessary to implement this study: (i) a rapid quantitative analytical method providing firm oleanane determinations at low concentrations and (ii) a large, diverse sample suite of biostratigraphically well-defined, organic-rich, finegrained sedimentary rocks.
Commonly used techniques for oleanane We focused on Jurassic through Miocene age rock samples deposited in marine to marine-deltaic environments. Rocks from these environments contain organic matter derived from a variety of terrestrial sources, in contrast to nonmarine coal, swamp, fluvial, and lacustrine deposits that tend to focus terrestrial input from local environments. Samples came from cores, side-wall cores , or outcrops, with total organic carbon contents ?: 1% by weight, and the samples were thermally mature on the basis of kerogen pyrolysis (2 7) .
Absolute concentrarions of oleanane poorly reflect the level of input of oleanane precursors because concentrations of biological markers can vary by several orders of magnitude, depending mostly on the thermal maturity of the sample (28) . Therefore, we used the ratio of the sum of the 18u-and 181)-oleananes to 17u-hopane calculated from the convenient major metastable transition for both molecular types, m/z 41 2~ 19 1. The compound 17u-hopane, which is derived from stereoisomerization of hopanols present in most classes of bacteria (29) , is found in all rock extracts and petroleum (30) , except those that have been altered by heavy biodegradation or extreme thermal maturity (28) . Furthermore, because of the similarity in structure and stability between oleanane and hepane, the effects of thermal maturation are minimized by use of a ratio.
The results of the oleanane analyses are broadly comparable with those found for fossil angiosperm occurrences (Fig. 2) . The relative concentrations of oleanane to hepane, excluding the unusual Middle Jurassic and Neocomian occurrences (see later), begin low, near the detectable limit of 3% during the Early Cretaceous and steadily increase to a plateau during the latest Cretaceous. Then, during the T ertiary there is a major increase. The frequency values (Fig. 2) are low during the Jurassic and Early Cretaceous and increase steadily until the first part of the Late Cretaceous. The major increase occurs during the end of the Late C retaceous, with a continued increase during the Tertiary.
There appears to be a relation between angiosperm taxonomic diversification and the concentration and frequency of oleanane occurrence. Yet there are several important differences. Whereas the major increases in taxonomic diversification of genera occur during the mid-C retaceous (I 9, 20), major increases in oleanane frequencies occur during the latest Cretaceous, and the major increases in oleanane concentrations are even later. We suggest two possibilities that could account for this.
First, the quantitative oleanane record
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17a(H)-Hopane may represent the chemical signature of the quantitative increase in angiosperm biomass through geological time. These oleanane data also suggest that increases in angiosperm biomass and ecological dominance occurred later than taxonomic diversification. This fits well with the suggestion that angiosperms had an herbaceous origin (22, 31) and with the data that large pieces of angiosperm wood are rare until the Late Cretaceous (32), but even then, floras seem to have been composed of predominately herbaceous angiosperms (33) . This is sup- ported by oleanane data suggesting rela tively low but increasing biomass through the Cretaceous. A second possibility is that the late oleanane increase reflects increased use of o leanane-type compounds by angiosperms, or increased diversification into subgroups that use them. O leanane-type compounds are common and they are important defense compounds. This also suggests that angiosperm taxa containing oleanane-type compounds existed at least during the Early Cretaceous. The later major increases could be due to the greater abundance of these compounds in derived tricolpate dicotyledons and thus may reflect the simila ri ty of the oleanane concentration curve to that of the diversification of modern families (Fig.  2) (34) . O bviously both possibilities may coexist. Thus, the increased frequency of appearance and initial in crease in concentration would be related to increases in biomass, whereas later increases would be due to diversificatio n of oleanane-co ntaining groups.
The oldest Cretaceous occurrence in our study is in an outcrop sample from the Paja 100 90 ..,. is inordinately high compared with the angiosperm species diversity trend line (Fig.  2, feature b) . This sample had the highest oleanane ratio among 10 outcrop samples analyzed from the Upper Magdalena region that range in age from late Campanian to Neocomian. A Late O ligocene side-wall core sample from the Lower Congo Basin, Angola (Fig. 2, featu re c) , sh ows the highest relative amounts of oleanane . This value could be related to an unusually high biomass of angiosperms in this region d uring the Late O ligocene.
A Middle Jurassic marine siltstone fro m West Siberia, Russia (35, 36) , had relatively high concentrations of oleanane (Fig. 2 ,  feature a) . We also isolated 18a-oleanane from the extract of a Pennsylvanian coal ball, a calcium carbonate concretion containing well-preserved plant material from Illinois, United States. (Fig. 3) . Unlike the marine sediments, the coal ball represents (24) . Note that the time scale changes at the arrow. Abbreviations E, early; M, middle; L, late; Bar., Barremian; Apt., Aptian: Alb., Albian: Turo., Turonian. 3 . Partial 400-MHz 1 H nuclear magnetic resonance spectra showing the methyl group resonances of authentic and isolated 18a-olea nane. Data were obtained on a Jeol GX400 spectrometer in CDCI 3 over the range 5 0.5 to 9.5 parts per million (ppm) with 16,384 data points, an accumulation time of 2.048 s, and a pulse delay of 1.000 s. The acquired free induction decays were zero-filled and Fouriertransformed with a Gaussian window function, and the resulting spectra referenced to residual CHCI 3 at 5 7.26 ppm. Authentic 18a-oleanane was run as a 0.4-mmol solution with 2400 accumulations. and isolated 18a-oleanane, a s a 0.08-mmol solution with 12,000 accumulations. This confirms the identification of preCretaceous 18a(H)-oleanane in an extract of Pennsylvanian age. The coal ball used in this analysis (Yale-Peabody Museum, YPM 8436) was found in the Sahara Coal Mine , 4 miles (6.4 km) north of Carrier Mills , Illinois, United States, and occurred in the Herrin (no. 6) coal of the Carbondale Formation, Kewanee Group, of the middle Pennsylvanian period (late Desmoinsian age-late Westphalian D) (44) , dating to about 307 Ma (45) . type compounds (38) , or (iii) that the signal is from other plants that rarely synthesize oleanane precursors.
Finally, this data set introduces the quantitative use of the oleanane parameter in assessing angiosperm input to petroleum sources. Petroleum with measurable oleanane has almost certainly been generated from Cretaceous or younger source rocks, whereas that with an oleanane ratio >0.2 was probably derived from T ertiary sources.
